Spinal motor neurons acquire specialized "pool" identities that determine their ability to form selective connections with target muscles in the limb, but the molecular basis of this striking example of neuronal specificity has remained unclear. We show here that a Hox transcriptional regulatory network specifies motor neuron pool identity and connectivity. Two interdependent sets of Hox regulatory interactions operate within motor neurons, one assigning rostrocaudal motor pool position and a second directing motor pool diversity at a single segmental level. This Hox regulatory network directs the downstream transcriptional identity of motor neuron pools and defines the pattern of target-muscle connectivity.
Introduction
The precision of neural-circuit assembly has a crucial role in defining the innate repertoire of animal behaviors. The task of establishing appropriate patterns of connectivity is at its most challenging in the vertebrate central nervous system (CNS), where hundreds of neuronal types are required to form thousands of synaptic contacts, each with a selective subset of targets. The mechanisms that direct connectivity within the vertebrate CNS, indeed within any nervous system, remain elusive. Recent studies, however, have indicated that the acquisition of subtype identities by developing neurons is a critical determinant of their connectivitythrough the regulation of neuronal settling position (Marin and Rubenstein, 2003) , axonal trajectory (Tessier-Lavigne and Goodman, 1996), and target choice (Yamagata et al., 2002) . And in large part, a neuron's identity is encoded by the profile of transcription factors expressed by its ancestral progenitors and by the postmitotic neuron itself (Pearson and Doe, 2004) . Defining the transcriptional logic that links the inordinate diversity of neurons found in the vertebrate CNS to patterns of target connectivity may, therefore, reveal general principles of neural-circuit assembly.
Some insights into the mechanisms that drive neuronal diversification have come from the study of one of its major neuronal classes-the spinal motor neuron (MN) (Jessell, 2000) . From the perspective of locomotor control, the most critical aspect of MN differentiation is the formation of precise connections with target muscles *Correspondence: tmj1@columbia.edu in the limb (Landmesser, 1978 (Landmesser, , 2001 ). Such precision is achieved by conferring MNs with discrete columnar, divisional, and pool identities ( Figures 1A-1C) . Each of these facets of MN identity appears to govern a distinct step in the projection of motor axons to their limb-muscle targets. The acquisition of a lateral MN columnar (LMC) identity directs motor axons toward the limb, and the emergence of divisional identities within the LMC directs motor axons ventrally or dorsally upon entering the limb mesenchyme. But it is with the specification of their pool identity that MNs within the LMC acquire the ability to form precise axonal trajectories and innervate individual muscle targets (Landmesser, 1978 (Landmesser, , 2001 ). The existence of more than 50 muscle groups in a typical amniote limb (Sullivan, 1962 ) demands a corresponding diversity of motor pool identities (Hollyday and Jacobson, 1990; Romanes, 1942) , posing a considerable molecular challenge in connecting MNs to their muscle targets.
Classical embryological studies have provided evidence that LMC neurons have acquired aspects of their pool identity as motor axons invade the limb mesenchyme, well before approaching muscle targets (Landmesser, 2001) . Although the molecular logic that links motor pool identity and target-muscle connectivity remains obscure, there is emerging evidence that the selectivity of transcription-factor expression is a determinant of specificity in motor circuits. LIM homeodomain proteins define the medial and lateral subdivisions of the LMC and control motor axon trajectory along the dorsoventral axis of the limb (Kania and Jes We therefore set out to examine the potential functions of Hox proteins in motor pool specification, addressing three main issues. First, how do different MN pools come to occupy characteristic positions along the rostrocaudal axis of the LMC? Second, how are diverse MN pools generated at a single segmental level of the LMC? Third, do Hox proteins link motor pool identity to target-muscle connectivity?
Results

Transcription Factors Define MN Pools
To examine the molecular steps that assign MN pool identity, we searched for transcription factors that delineate the rostrocaudal and intrasegmental organization of motor pools within the brachial LMC. LMC neurons, as a whole, were defined by their selective expression of the retinoid synthetic enzyme retinaldehyde dehydrogenase-2 (RALDH2) (Figures 1D and 1E ; Sockanathan and Jessell, 1998 Figures  1N and 1Q) , whereas tracer injections into the anterior latissimus dorsi (ALD) selectively labeled Pea3 + MNs located in the lateral, Lim1 + division of the LMC ( Figure  1O ). Injection into the flexor carpi ulnaris (FCU) muscle selectively labeled Scip + MNs (Figures 1P and 1Q) . Thus, the profiles of Runx1, Pea3, and Scip expression define four brachial motor pools, each with distinct rostrocaudal and intrasegmental coordinates ( Figure  1R ). We have focused on the differentiation of these four transcriptionally defined sets of MNs in experiments to clarify the logic of motor pool specification and target connectivity. 
Hox5 and Hoxc8 Proteins Define the Rostrocaudal Identity and Position of Motor Pools
The reciprocity in Hox5 and Hoxc8 expression along the rostrocaudal axis of the LMC led us to examine whether the position of generation of the Sca, Pec, ALD, and FCU motor pools, as defined by transcriptionfactor expression and target-muscle connectivity, is established by these Hox proteins. We found that the Runx1 + Sca motor pool is confined to the Hox5 domain, whereas the Pea3 + Pec and ALD pools, as well as the Scip + FCU pool, are confined to the Hoxc8 domain (Figures 2C-2H and Figures 2J-2L ). The interface of exclu-sion of Hox5 and Hoxc8 therefore distinguishes the domain of generation of the Sca motor pool from that of the Pec, ALD, and FCU pools ( Figure 2M ). These findings raise the question of whether altering the profiles of Hox5 and Hoxc8 within the LMC changes the rostrocaudal position at which specific MN pools are generated.
We examined whether a caudal-to-rostral switch in Hox5 and Hoxc8 elicits a corresponding switch in MN pool identity and connectivity, using RNA interference (RNAi) to eliminate Hoxc8 from caudal LMC neurons. Double-stranded RNA oligonucleotides (dsRNA) directed against Hoxc8, together with a marker YFP construct, were coelectroporated between stages 15 and 17, and motor pool identity and connectivity were assessed at stage 29. Hoxc8 dsRNA eliminated Hoxc8 from >95% of electroporated LMC neurons (Figures 3A and 3B; Table S1 ). The loss of Hoxc8 was without effect on generic aspects of MN differentiation, defined by Isl1/2 expression, or on LMC differentiation, defined by Hoxc6 and RALDH2 ( Figures 3C and 3D ). But after Hoxc8 dsRNA expression, the number of electroporated LMC neurons that expressed Pea3 or Scip was decreased by >95%, whereas Pea3 and Scip expression persisted in nearby nonelectroporated neurons (Figures 3G-3I; Table S1 ). This finding is consistent with a recent genetic study in mice (Vermot et al., 2005) . Thus, Hoxc8 activity is required to specify the transcriptional identity of the Pec, ALD, and FCU motor pools.
Elimination of Hoxc8 also resulted in a caudal expansion in the domains of Hoxa5 and Hoxc5 expression (Figures 3E and 3F; Table S1 ), indicating that Hoxc8 activity participates in establishing the interface of exclusion between Hox5 and Hoxc8 proteins within the LMC. And w20% of the ectopic caudal Hoxc8 off ,Hox5 on LMC neurons expressed Runx1 ( Figure 3J ; Table S1 ), indicating that they had acquired the transcriptional profile of the Sca motor pool. We assume that Hoxc8 off ,Hox5 on neurons that lack Runx1 expression have acquired other rostral pool identities not assayed here. These findings indicate that the generation of a Hoxc8 off , Hox5 on domain in the caudal region of the LMC elicits a caudal-to-rostral switch in the transcriptional identity of MN pools ( Figure 3K ).
We next examined whether the change in transcriptional status of motor pools elicited by elimination of Hoxc8 is accompanied by a change in muscle connectivity. We first determined if the Runx1 + neurons induced at ectopic caudal positions innervated their normal muscle target in the limb. After injection of HRP into the Sca muscle of Hoxc8 dsRNA-electroporated embryos, >50% of ectopic caudal Runx1 + LMC neurons accumulated HRP (Figures 3L-3O Figure 4C ; Figure S6B ). w85% of these Pea3 Many LMC motor pools exhibit rostral and/or caudal limits that are nested within the broader domains of Hox5 and Hoxc8 expression ( Figure S4 ). It seems likely that the differing profiles of Hox3, Hox4, and Hox7 expression ( Figures S4 and S7) define the identity and position of additional motor pools along the rostrocaudal axis of the LMC.
Intrasegmental Coding of Motor Pool Diversity by Hox and Meis Proteins
A second major feature of motor pool organization is the diversity of pools generated at a single segmental level of the LMC. We have explored whether Hox proteins also control intrasegmental aspects of motor pool diversification, focusing on the caudal, Hoxc8 on domain of the LMC and, in particular, on the Pec, ALD, and FCU pools.
We first assessed how the patterns of Hox expression within the LMC change over the period of intrasegmental pool diversification. The initially extensive domains of Hox3, Hox4, Hox6, and Hox7 expression evident at stages 24 to 25 ( Figure S4 ) had become more restricted by stages 29 to 30. These restrictions occurred along the rostrocaudal axis and, in some instances, within the two divisions of the LMC ( Figure  S7 ). For example, by stage 29, Hoxa7 is restricted to a caudal set of lateral, Lim1 + LMC neurons that abut the caudal end of the ALD pool, whereas Hoxc4 is restricted to largely complementary sets of LMC neurons ( Figure S7 ). In addition, Hoxc6 protein expression became restricted to subsets of LMC neurons by stage 29 (see below). We document below that these restrictions in Hox4, Hox6, and Hox7 expression have a critical influence on the assignment of motor pool identity. At caudal levels of the LMC, the profile of Hoxa4, a6, and a7; Hoxc4, c6, and c8; and Meis1 expression was informative in distinguishing the Pec, ALD, and FCU pools from each other and from adjacent caudal pools (Figures 5A-5I ). All three pools expressed Hox4 proteins, whereas most other caudal motor pools lacked Hox4 proteins ( Figure 5F and Figure S8 ). Conversely, these three pools were characterized by the exclusion of Meis1 and Hoxa7 (Figures 5F-5I) The profiles of Hox and Meis expression make three predictions about the regulatory interactions that control the formation of the Pec and FCU motor pools (Figure 5J) . First, the generation of Pec, ALD, and FCU MNs might involve the exclusion of Meis1 and/or Hoxa7. Second, the formation of Pec, ALD, and FCU MNs is dependent on Hox4 activity. Third, the differential expression of Hoxc6 directs the diversification of the Pec and FCU pools. We tested these predictions by changing the profile of Hox and Meis expression using ectopic expression and RNAi strategies.
Meis1 Exclusion and Motor Pool Specification
To test whether the exclusion of Meis1 is required for the specification of the Pec, ALD, or FCU pools, we Table S1 ). Expanded Meis1 expression also inhibited the differentiation of Pea3 + and Scip + MNs in a cell-autonomous manner, indicative of a block in Pec, ALD, and FCU pool formation (Figures 6B and 6C ; Table  S1 ). Thus, the exclusion of Meis1 appears necessary for the specification of Pec, ALD, and FCU pools (Figure 6D) .
Hoxa7 Exclusion and Motor Pool Specification
We also tested whether the exclusion of Hoxa7 is required for the specification of the Pec, ALD, or FCU pools. Expression of Hoxa7 in caudal LMC neurons did not affect the pattern of Hox6 and Hoxc8 expression or of RALDH2 ( Figure S9C and data not shown) (Figures 6E-6G ; Table S1 ). Hoxa7 expression did not influence the pattern of expression of Meis1, nor did Meis1 influence Hoxa7, suggesting that these two factors act independently in their restrictive influence on Hox4 expression (Figures S9B and S9D) . Thus, the exclusion of Hoxa7 permits the formation of Pec, ALD, and FCU MNs ( Figure 6H ). Table S1 ). These observations provide evidence that the transcriptional-activator function of Hox4 proteins is required for Pec, ALD, and FCU pool formation (Figure 6L) . Furthermore, expanding the domain of Hoxc4 repressed expression of Hoxa7 (Figure S9E ), indicating that the emergence of largely exclusive LMC domains Table S1 ; Figure  S9F) . Thus, the status of Hoxc6 expression in caudal LMC neurons that express Hox4 and exclude Meis1 proteins appears to underlie the selection of Pea3 or Scip expression by motor pools.
Hox4 Activity and Motor Pool Specification
We also examined whether the change in Pea3 and Scip status of LMC neurons is accompanied by an alteration in muscle connectivity. We determined the muscle target of the expanded population of Scip + MNs generated at caudal LMC levels after Hoxc6 elimination. Injection of RhD into the Pec muscle of Hoxc6 dsRNA/YFP-electroporated embryos revealed that <2% of electroporated neurons expressed Pea3 or accumulated HRP (Figures 7G-7I) . Thus, neurons that have lost Pea3 fail to project to their normal muscle target. Conversely, injection of RhD into the FCU muscle of Hoxc6 dsRNA/YFP-electroporated embryos resulted in retrograde labeling of w70% of Scip + ,YFP + MNs ( Figures  7J-7M ). This finding, taken together with the w80% increase in the number of Scip + MNs (Table S1 ), suggests that many, and possibly all, of the extra Scip + neurons generated after elimination of Hoxc6 project to the FCU muscle, as do their normal Scip + counterparts. Thus, the Hoxc6-dependent switch in the generation of Pea3 + and Scip + neurons is accompanied by a corresponding change in the pattern of muscle-target innervation.
With this insight into the Hox network that directs the intrasegmental diversification of motor pools, we returned to our earlier observation that ectopic expression of Hoxc8 in the rostral LMC induces Pea3 + MNs of Pec and ALD character but not Scip + neurons of FCU character. We examined whether this restriction reflects the status of Hox4 and Hoxc6 expression in Hoxc8-recipient cells. In support of this idea, we observed that >95% of the rostral LMC neurons that acquired Hoxc8 coexpressed Hoxc6 and Hox4 proteins and had extinguished Meis1 expression ( Figures S6B and S10 )-a Hox profile that promotes Pec/ALD and inhibits FCU pool differentiation. Thus, the rostrocaudal and intrasegmental programs of motor pool specification appear to obey a coherent Hox regulatory logic.
Discussion
MNs acquire specialized pool identities that direct their axons to target muscles in the limb, and the specificity of these connections is critical to locomotor behavior. We have found that three classical attributes of MN pools-their remarkable diversity, their stereotyped position, and their connectivity-are established by a Hox regulatory network, the details of which are discussed below.
A Hierarchy of Hox Regulatory Interactions Specifies Motor Pool Identity
The selectivity with which spinal MNs innervate target muscles in the developing forelimb depends on three programs of MN subtype specification (Figures 1A-1C 
Hox Proteins Direct Motor Pool Transcriptional Identity and Target Connectivity
The proposal that developing MNs possess intrinsic pool identities that direct target-muscle connectivity emerged first through embryological manipulations that revealed that the axons of specific LMC neurons project to their targets with high precision (Landmesser, 1978) , even when forced to enter the limb from aberrant positions (Landmesser, 2001 ). Our findings show that experimental alteration in Hox profile reliably predicts the change in transcriptional identity of motor pools and the subsequent specificity of target-muscle connections. Thus, a Hox regulatory network appears to lie at the heart of selective MN connectivity with limb muscles, providing a molecular basis for interpretation of these classic studies.
These findings also provide insight into the way Hox activities coordinate motor axon trajectory in the developing limb. On arriving at the base of the limb, the axons of LMC neurons select a ventral or dorsal trajectory in the limb mesenchyme and then establish specific anteroposterior and proximodistal trajectories that take them to the position of newly cleaved muscle masses (Tosney and Landmesser, 1985) . The Hox6-activated program of LIM homedomain protein expression within the LMC determines the dorsoventral trajectory of motor axons through regulation of Eph expression and signaling (Kania and Jessell, 2003) . In a complementary way, pool-specific profiles of Hox protein expression are likely to determine muscle-nerve trajectory along the anteroposterior and proximodistal axes of the limb (Stirling and Summerbell, 1988) . Hox proteins are also expressed by limb mesenchymal cells (Izpisua-Belmonte and Duboule, 1992) and could contribute to the establishment of motor axon trajectory by positioning guidance cues at specialized "decision regions" within the limb mesenchyme (Tosney and Landmesser, 1985) .
The selection of specific muscle-nerve trajectories may be determined through the activities of the poolrestricted transcription factors that are induced by Hox proteins. Nkx6 homeodomain proteins are expressed by LMC neurons in a pool-specific pattern that is controlled by Hox proteins (Dasen et al., 2003) , and, in (Figure 8B) . Thus, the same Hox profile can be used to assign a common pool character to sets of MNs located in the two divisions of the LMC, potentially halving the numerical challenge inherent in motor pool diversification. 
Hox Genes and Neural-Circuit Assembly
Experimental Procedures
Expression Constructs Hox cDNAs were isolated by RT-PCR and confirmed by sequencing. cDNAs were cloned into pCAGGS vectors by standard procedures. For generation of HA-tagged Drosophila EnR (aa 2-229) derivatives, cDNAs were cloned by PCR to generate in-frame fusion proteins.
In Ovo Electroporation
Neural-tube electroporation of DNA constructs was performed on stage 12-17 chick embryos (Dasen et al., 2003) . For misexpression of Hox genes, plasmids were titrated (typically 100-500 ng/l pCAGGS vector, using CMV-GFP plasmid as carrier DNA) to generate levels of ectopic protein expression qualitatively similar to endogenous levels. Electroporation resulted in transgene expression in the spinal cord, with no detectable expression in surrounding paraxial or lateral plate mesoderm or their derivatives. In each experiment, w140 embryos were electroporated, with a survival efficiency of w25%, such that each set of results reflects an analysis of w35 manipulated embryos. Electroporation efficiencies (e.e.) in individual embryos ranged from 30% to 90% of LMC neurons at the segmental level under analysis, and results reported derive from embryos with an e.e. of >50%.
RNA Interference
RNA interference was performed by electroporation of 21 nucleotide dsRNA (Dharmacon, Option A4). To identify electroporated neurons, dsRNA (final concentration 5 mg/ml) was combined with CMV-eGFP or CMV-nYFP plasmids (final concentration 0.7 mg/ml). Targets sequences used: Hoxc8 5#-CTACGACTGCAGATTTCCA-3#, Hoxc6 5#-GCCGAGGACCTTATGACTA-3#.
In Situ Hybridization Histochemistry and Immunohistochemistry
In situ hybridization was performed as described (Dasen et 
